Plasma spraying is a versatile technique for producing abradable and protective ceramic coatings. However, it was difficult to fabricate aluminium nitride (AlN) coating by conventional plasma spray processes. It is due to the thermal decomposition of the feedstock AlN powder during spraying without a stable melting phase. Reactive plasma spraying (RPS) has been considered as a promising technology for in-situ formation of AlN thermally sprayed coatings. This study investigated the feasibility of reactive plasma spraying of Al 2 O 3 powder in N 2 /H 2 plasma upon fabrication of AlN coating. It was possible to fabricate a cubic-AlN (c-AlN)/Al 2 O 3 composite coating and the fabricated coating consists of c-AlN, ¡-Al 2 O 3 , Al 5 O 6 N and £-Al 2 O 3 . Furthermore, the AlN content was improved with increasing the flight time (spray distance), due to increasing the reaction time between the Al 2 O 3 particles and the surrounding N 2 /H 2 plasma. It was possible to fabricate coating contains about 97% of c-AlN. However, it was difficult to clarify the in-flight reaction during the coating process, due to losing the particles shape and features after colliding and flattening on the substrate surface. The sprayed particles were collected into a water bath to maintain its particle features in order to investigate the in-flight reaction. It was clear from the microstructure and the cross section observation of the collected particles that, the nitriding reaction started from the surface. During the coating process, the sprayed particles were melted, spheroidized and reacted in the high temperature N 2 /H 2 plasma and formed aluminum oxynitride (Al 5 O 6 N) which have cubic structure. The particles collided, flattened, and rapidly solidified on a substrate surface. The Al 5 O 6 N is easily converted to c-AlN phase via continuous nitriding (both have the same cubic symmetry: cubic and closely packed) during the rapid solidification and plasma irradiation on the substrate. The high quenching rate of the plasma flame prevents the AlN crystal growth to form the hexagonal phase. Therefore, it was possible to fabricate c-AlN/Al 2 O 3 composite coatings through reactive plasma nitriding of Al 2 O 3 powder and the nitriding process of the Al 2 O 3 particle as well as the formation process of cAlN phase were investigated.
Introduction
Aluminum nitride (AlN) possesses an excellent combination of properties: high thermal conductivity (up to 320 W/mK for pure single crystal and 180220 W/mK for sintered compact), high electrical resistivity (10 13 ³ cm), good chemical/physical stability at fairy high temperature regions, high hardness (Hv 1400) and high resistance of molten metals, wear and corrosion. 13) These properties makes it a promising candidate for several electrical and electronic applications: such as heat sinks, electronic substrates, semiconductor packages, crucibles and vessels for handling corrosive chemicals and molten metals, parts of semiconductor equipment and reaction vessels of etching.
Aluminum nitride has a hexagonal (wurtzite) structure and two kinds of cubic structure (rock salt and zinc-blend). The hexagonal AlN (h-AlN) phase is commonly used in industries, because it is stable in the ambient conditions and can be fabricated by many methods as powders, sintered compacts and thin films.
47)
On the other hand, cubic aluminum nitride (c-AlN) is a metastable structure, an unexplored material whose properties are quite different from those of h-AlN.
8) The cubic AlN (Rock salt) has higher thermal conductivity, electrical resistivity (10 16 ³ cm) due to their higher symmetry. 9) However, synthesis of c-AlN is more difficult than h-AlN because it is a meta-stable phase. Its synthetic methods can be classified into three main types: the carbothermal reduction and nitriding (CRN) of Al 2 O 3 , 9,10) the solvothermal decomposition of [Al (urea) 3 ]Cl 3 , 11) and the reaction of AlCl 3 with NaN 3 or Li 3 N in organic solvents. 12) Furthermore, the transformation of the hexagonal AlN to the cubic phase by Aerosol Deposition (AD) method was reported 13) and the direct nitriding of Al 2 O 3 powders in Ar/N 2 plasma can also form some c-AlN powder. 14) However, these methods have not been established for industrial applications. On the other hand, in our previous studies, 1517) it was possible to fabricate c-AlN based coatings through reactive plasma nitriding of aluminum (Al) powders in thermal spray process.
Thermal spray process basically depends on spraying and deposition of molten or semi-molten (heat softened) material propelling onto a substrate surface. The powder material is injected into a very high temperature plasma flame, where it is rapidly heated and accelerated with a high velocity. The molten or semi-molten materials collide on the substrate surface and rapidly solidify. Then the accumulated particles form a coating. Owing to this deposition process, fabrication of refractory ceramic coatings such as AlN has been considered to be impossible. The sprayed AlN particles thermally decompose in the plasma without a stable melting phase. The solution was using the reactivity of the thermal plasma which is usually used to melt and accelerate the feedstock materials. In our previous studies, 1517) the sprayed Al particles reacted with surrounding active nitrogen plasma, collide and rapidly solidify on the substrate. This reaction and rapid solidification procedures realized the formation of c-AlN in the coatings.
However, it was difficult to avoid the presence of unreacted Al in the reactive plasma sprayed coatings. Thus, it was difficult to reach complete nitriding due to the coagulation and aggregation of Al particles with each other (due to the low melting point of Al (660°C) 18) ). This prevents the continuous nitrogen access to the entire of the particles to realize the complete nitriding. The remaining metallic Al phase loses the excellent insulation property of the AlN coating of including cubic phase. On the other hand, our previous studies also revealed the importance of the oxygen interaction to form the c-AlN. Thus, aluminum oxynitride (Al 5 O 6 N) was formed and it has a cubic structure which can easily transform into c-AlN by incremental nitriding reaction (both have the same cubic symmetry).
In this study, the feasibility of using alumina (Al 2 O 3 ) powder as the feedstock upon fabrication of c-AlN coating in reactive plasma spray process was investigated. The oxygen in the feedstock Al 2 O 3 powder is expected to assist the formation of the Al 5 O 6 N and then the c-AlN phase. Furthermore, the Al 2 O 3 feedstock can avoid the presence of metallic phases in the coatings. The feasibility of c-AlN formation through reactive plasma spraying of Al 2 O 3 feedstock powder and the reaction process were experimentally investigated. The formation process of the meta-stable c-AlN coating was clarified in this paper.
Experimental Procedure
Commercial Al 2 O 3 powder (Fujimi Incorporated, Aichi, Japan) was used as feedstock material. The powder was ¹45 µm + 10 µm, with Dv50% about 26.6 µm. Table 1 presents the typical contents of the Al 2 O 3 powder. Grid blasted mild steel plates (50 mm © 50 mm © 5 mm) were prepared as the substrate material.
All spray experiments were carried out by atmospheric plasma spray system (APS: 9MB, Sulzer Metco, Switzerland), using primary gas of N 2 and secondary gas of H 2 . Table 2 shows the spray parameters. The spray distance (between the spray gun exit to the substrate surface) was varied from 100 to 300 mm in order to control the thermal experience time of the sprayed particles in the plasma. The feedstock powder was supplied by using micro-feeder (FPSTechnoserve, Japan) to the plasma stream with carrier gas of N 2 . The coating samples were fabricated onto the substrate to investigate the possibility of c-AlN formation.
On the other hand, the sprayed particles were collected into a water bath (at spray distance about 150 mm) to maintain its particle features in order to investigate the in-flight reaction. Thus, during coating process, the particles lose its shape and features after colliding and flattening on the substrate surface. Spraying of the powders in water will provide enough high cooling rates for the sprayed particles. The phase compositions of the coatings and the collected particles were verified by X-ray diffraction (XRD: RINT-2500, Rigaku, Tokyo, Japan) with CuK¡ radiation. A scanning electron microscope (SEM: JSM-6390, JEOL, Tokyo, Japan) was used to observe the cross-section microstructure of the coatings and both the appearance and the cross-section of the feedstock powder and the collected particles. The appearance of the collected particles was also observed by a field-emission scanning electron microscope (FE-SEM; SU8000, Hitachi, Japan). The Fourier transform infrared (FTIR) spectroscopy (FTIR, JIR-7000: JEOL, Tokyo, Japan) was used to observe the AlO and AlN bonds in the collected particles (collected in water). The measurement was carried out at room temperature in the range from 4000 to 400 cm ¹1 , with a resolution of 4 cm ¹1 . About 20 mass% of the powder was thoroughly mixed with KBr powder and used for measurements. Furthermore, the particle temperature and velocity during flight in the plasma were measured by implementing a high-speed two-color pyrometry DPV-2000 system (DPV2000, Tecnar, Canada) at the different spray distances. Figure 1 shows the XRD spectra of the feedstock powder material and the reactive plasma sprayed coating at each spray distance. It is clear that, the raw material is ¡-Al 2 O 3 without including any other phases as shown in Fig. 1 14) The fabricated coatings consist of cAlN, Al 5 O 6 N, £-Al 2 O 3 and remaining ¡-Al 2 O 3 phases. The XRD spectra also indicate the importance of spray distance to improve the AlN content. It is clear that, the AlN content was increased and the ¡-Al 2 O 3 content was decreased gradually with increasing the particle flight time. At 300 mm spray distance the nitriding reaction almost completed and the fabricated coating consists of c-AlN phase as shown in Fig. 1(d) . The relative amounts of the assigned phases in the coatings were estimated by comparing the peak intensities from the XRD data. 14, 19) 
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Substrate material SS400 Figure 2 shows the relative amounts of the assigned phases in the coatings as estimated by comparing the peak intensities from the XRD spectra using eq. 1. It is clear that, with increasing the spray distance from 100 to 300 mm the c-AlN content increased gradually from about 21% to about 97%. On the other hand, the ¡-Al 2 O 3 content decreased from about 57% to about 2% in the same time. The longer spray distance gives enough nitriding opportunities to the sprayed particles with the surrounding N 2 /H 2 plasma. The importance of the spray distance had also been confirmed in the previous works with using Al feedstock powder.
1517) Therefore, it clearly revealed the possibility to fabricate c-AlN based coating through reactive plasma spraying of Al 2 O 3 powder in this study. Figure 3 shows the cross section images of the coatings. The fabricated coating is about 120 µm with porous structure at 100 mm spray distance. Furthermore, the thickness of the coatings decreases gradually with increasing the spray distance. At 300 mm of spray distance, the coating is about 8 µm of thickness with uniform and dense microstructure as shown in Fig. 3(c) . It means that, increasing the spray distance can form the dense and high c-AlN content of thin coatings. This is also similar to the reactive plasma spraying of Al feedstock in our previous work.
1517 ) The feedstock powder feed rate is same for each spray experiment. The thinner coating means comparatively lower deposition rate of the sprayed powder material. It has been confirmed that, the longer spray distance increases the reaction interval and yields the higher nitride content in the coatings. However, the nitriding reaction affected on the deposition behavior of sprayed particles on the substrate then reduced the deposition rate. Based on the above finding and the previous results during reactive plasma spraying of Al powders, the flight time plays an important role in RPS process. Furthermore, in order to improve and control the process, the in-flight reaction of the sprayed particles has to be clarified.
In-flight reaction of Al 2 O 3 particle
To clarify the nitriding process of the Al 2 O 3 particles during spray, the microstructure of the collected particles after spraying in water was observed. Thus, it was difficult to understand the nitriding process of the particles during fabrication of the coatings due to losing the particles shape and characteristics after colliding and flattening on the substrate surface. Figure 4 shows the microstructure of the feedstock powder (before spray) and the collected particles (after spraying in water). It is clear that, the feedstock particles have polygonal shape and most of the particles had spherical shape after spraying instead of the polygonal feedstock powders. This result agrees with many reports about powder spheroidization by plasma spraying.
2022) As the feedstock particles injected into the plasma stream, they are heated and eventually melted. Then the molten particles are spheroidized as a result of the surface tension during flight. The surface tension on the molten particles upon disintegration assists its fragmentation into spheroids of fine particles. Thus, the high surface area to volume ratio leads to formation of spherical powders to facilitate faster heat energy dissipation.
Among the spherical particles, some of them had a particular surface morphology as shown in Fig. 4(c) . It seems that, some crystals started to grow on the surface and it looks like crystal islands. The crystal islands can be assumed to grow to cover the whole particle surface as shown in Fig. 4(d) . To confirm the details of the crystals, the surface morphology of the collected particles were observed by the FE-SEM using second electron and back scatterings images. Figure 5 shows the FE-SEM images of the collected particles. The crystal islands were confirmed on the surface of the sprayed particles as shown in Fig. 5(a) . The crystals had a clear cubic or rectangular shape as it is shown in the higher magnification in Fig. 5(b) . These crystal features are corresponding to the cubic AlN which agrees with the previous report by S. Mohri et al., 23) and/or corresponding to the aluminum oxynitride as reported by K. F. Cai et al.
24)
The crystal islands grow gradually on the particle surface as shown in Fig. 5(c) . Furthermore, some particles exhibited a particular surface feature which covered with grown crystal islands as shown in Fig. 5(d) . The crystals had a clear cubic or rectangular shape. These crystal features are corresponding to c-AlN which agrees with the previous report by S. Mohri et al. 23) and/or aluminum oxynitride as reported by K. F. Cai et al.
These particles are consistently corresponding to the XRD peaks of the cubic aluminum nitride and/or aluminum oxynitride phases in the fabricated coatings and the collected particles. Figure 6 shows the XRD spectrum of the collected particles at 150 mm spray distance. It reveals that, the collected particles have almost same phase composition of the fabricated coating: c-AlN, Al 5 remaining ¡-Al 2 O 3 phases. However, it is difficult to distinguish between the AlN and Al 5 O 6 N by the crystal features, but this image clearly revealed the nitriding reaction and the crystal formation of in-flight particles. Furthermore, both of the AlN and AlO bonds were confirmed in the collected powder by the FTIR measurement. Figure 7 shows the FTIR spectroscopy for the collected powder after spraying in water. The spectrum for the sprayed powder showed a broad absorption band at around 750 and another band at 1330 cm ¹1 , these two peaks are related to the AlN bond. These results agree with the reported data about AlN bond. 14, 25) The AlO spectrum was observed at around 486, 356, 630 and 763 cm
¹1
. The background (BG) spectrum which is related to the KBr was observed at around 667, 2341 and 2360 cm ¹1 . Moreover, the broad peak around 3400 cm ¹1 is reportedly assigned to the OH bond and physisorbed or weakly chemisorbed water from the air, which agrees with the previous data. 14, 25) Thus, the AlN powders have high specific surface area and reacts with the moisture in the air to form the bayerite Al(OH) 3 , as reported before. 26) Furthermore, the sprayed particles were collected in water. Therefore, it is very important to keep the powder dry. Herein, the FTIR results confirmed the plasma nitriding of the Al 2 O 3 powder in APS process as well as the XRD spectrum.
Therefore, the nitriding reaction and the crystal growth could be confirmed by the surface observation of the collected particles. In order to understand the nitriding process for the individual particles, the cross-section microstructure of the collected particles as well as the feedstock particles were observed as shown in Fig. 8 . The feedstock particle (before spray) had a polygonal shape with homogenous morphology as shown in Fig. 8(a) . It is clear that, some of the collected particles (after spraying) in Fig. 8(b) has spherical shape but still have a homogeneous morphology which is similar to the feedstock Al 2 O 3 powder in Fig. 8(a) . On the other hand, some other collected particles in Fig. 8(c) showed different cross section morphology containing a clear shell on the surface of the particle. This shell structure agrees with the crystal growth on the surface of some sprayed Al 2 O 3 particles as shown in Figs. 4 and 5 . Herein, the in-flight reaction of the plasma sprayed Al 2 O 3 particles was clearly confirmed. It means that, increasing the flight interval of sprayed particles in the plasma can enhance the nitriding reaction and the nitride content in the coatings. It agrees with the XRD results of the coatings as shown in Fig. 1 . On the other hand, the coating results also exhibited the decreasing of coating thickness by increasing the spray distance (Fig. 3) . In order to clarify the effect of the flight time, the particle diagnostics (velocity and temperature) in the plasma were detected by DPV-2000 measurements. The average particle velocity and temperature as function of the spray distance are shown in Fig. 9 . It clearly shows that, increasing the spray distance decreased both particle velocity and temperature which reduced its deposition efficiency and suppressed the coating thickness. In other words, the sprayed particles lose their kinetic energy with increasing the spray distance and therefore the coating thickness decreased. The kinetic energy of sprayed particles is the key factor for thermal spray depositions. Furthermore, the complete inflight nitriding also reduces their deposition efficiency. Thus, the in-flight reaction for formation of c-AlN and Al 5 O 6 N was confirmed in this study. The AlN phase doesn't possess any stable melting phases, therefore the particles which completely reacted during flight to AlN phase could not deposit on the substrate. Thus, molten or semi-molten particles are required for particles deposition in thermal spray process and AlN particles do not have the molten phase. Furthermore, decreasing the particle velocity suppressed the particles deposition efficiency and decreasing the coating thickness. This is attributed mainly to decreasing the particle momentum energy when particles leave the plasma jet. Moreover, the particle velocity declines due to the characteristic spreading of a multi-phase spray cone with increasing the flight time. Additionally, some sprayed particles deviated from the substrate with increasing the spray distance. These reasons led to thinner coatings with increasing the spray distance.
Herein, increasing the spray distance can form thin coating with high AlN content and the coating has dense structure (as shown in Fig. 3(c) ). The dense structure at longer spray distance is attributed to increasing interaction time between the particle and the surrounding plasma with increasing the flight time. Thus, although the particle temperature decreased with increasing the spray distance, it is still higher than the melting point of the Al 2 O 3 particles. Increasing the interaction time will assist the particle melting opportunity, enhance its melting efficiency and therefore led to formation of dense coatings. Thus, increasing the melting efficiency leads to decreasing the fragmentation in the splat shape during deposition, which leads to good adhesion and decrease the porosity. Fig. 9 Evolution of in-flight average particle temperature and velocity as a function of spray distance.
Formation process of cubic AlN coating
The importance of in-flight reaction to improve the nitriding conversion during reactive plasma spraying of Al 2 O 3 powder was described above. However, it is difficult to understand the formation process of the meta-stable c-AlN coating only by in-flight reaction. The whole of the spray process which includes deposition should be discussed. The formation process of c-AlN coating during reactive plasma spraying of Al 2 O 3 feedstock particles are summarized as shown in Fig. 10 . Firstly, the Al 2 O 3 feedstock particles are heated, melted and spheroidized (the spheroidization is due to the surface tension during flight) in the surrounding N 2 /H 2 plasma. Secondly, the molten spherical particle forms Al 5 O 6 N on its surface, because the surface is directly exposed to the active plasma. Thirdly, the particle collides, flattens, and rapidly solidifies on the substrate surface. Finally, the c-AlN can be formed during rapid solidification of Al 5 O 6 N and plasma irradiation on the substrate. As it is well known in plasma spraying process, the powder particles are quickly melt in the plasma stream and accelerated to the substrate where they spread upon impact and rapidly solidify. 27, 28) The formation process of meta-stable c-AlN is strongly related to the rapid solidification. During the nitriding of the Al 2 O 3 particles, the aluminum oxynitride phase (Al 5 O 6 N) was formed and it is easy convert to c-AlN phase through continuous nitriding. Thus, both of Al 5 O 6 N and c-AlN phase have the same cubic symmetry as reported by J. C. Kuang et al.
10) The crystal structure of c-AlN is cubic and closely packed, and the non-metal arrangement in Al 5 O 6 N is also cubic and closely packed. The high quenching rate of the plasma spray process prevented the AlN growth to form the hexagonal phase. Generally, with the AlN nuclei growth in a N 2 atmosphere, the cubic phase is gradually crystallizes to form a single-phase AlN hexagonal structure. However, because of the high quenching rate of the plasma spray process, there was not enough time for the crystal growth to form the hexagonal phase. This led to formation of cubic phase in the plasma spray process.
Furthermore, the flight time (spray distance) strongly affects the nitriding conversion as well as the coating microstructure. Thus, the AlN content was improved with increasing the flight time. It is attributed to increasing the reaction time between Al 2 O 3 particles and the surrounding N 2 /H 2 plasma. On the other hand, the coating thickness decreased with increasing the flight time. It is attributed to decreasing the particle kinetic and momentum energy (due to decreasing the particle temperature and velocity) with increasing the flight time. Moreover, the complete nitriding (formation of AlN) during flight and the deviation of some particles with increasing the spray distance suppressed the coating thickness.
The high quenching and rapid solidification was also confirmed regarding the £-Al 2 O 3 phase in the coatings. The transformation of ¡-Al 2 O 3 to transient £-Al 2 O 3 occurred easily at such high temperature and rapid solidification rates of plasma spray process, as reported before. 29, 30) The formation of £-Al 2 O 3 is attributed to the high quenching of the molten particles during spraying. Moreover, the metastable phase (£-Al 2 O 3 ) can easy nucleate directly from liquid even before the stable phases (¡-Al 2 O 3 ) due to the lower interfacial energy crystal and liquid. Furthermore, the metastable phase kinetics of the crystal growth rates is much higher than that of the stable phase. Thus, during rapid solidification after the process of impact, £-Al 2 O 3 will priority nucleate if the initial droplet is completely molten for its energy barrier to nucleate is less than that of ¡-Al 2 O 3 . Particles incompletely molten were regarded as the crystallization of pre-existing nuclei of ¡-Al 2 O 3 . The existence of ¡-Al 2 O 3 is attributed to the un-melted ¡-Al 2 O 3 ingredient in the feedstock powders during spray.
Furthermore, the spray distance (flight time) strongly affect the phase transformation from the ¡-Al 2 O 3 feedstock to the transient £-Al 2 O 3 phase. Thus, it affected the molten portion of the particles during spray. At short spray distance, the flight time is very short and therefore the amount of incompletely molten portion is higher than the completely molten portion. Therefore, the amount of the ¡-Al 2 O 3 in the coating is higher than the £-Al 2 O 3 at short spray distance. With increasing the spray distance, the interaction time between the particles and the plasma increased and therefore the amount of completely molten portion is higher than the incompletely molten portion. Therefore, the amount of the £-Al 2 O 3 in the coating is higher than the ¡-Al 2 O 3 at longer spray distance (300 mm).
Herein 
Conclusions
Cubic AlN/Al 2 O 3 composite coatings were successfully fabricated through reactive plasma nitriding of Al 2 O 3 feedstock powder in atmospheric ambient. It was possible to improve the c-AlN content with increasing the flight time by controlling the spray distance and dense with high c-AlN content thin coating was fabricated. The longer spray distance increases the reaction interval and yields the higher nitride content in the coatings. On the other hand, increasing the spray distance leads to decreasing the coating thickness. It is due to decreasing the deposition efficiency of the sprayed particles and deviation of some sprayed particles from the substrate with increasing the flight time.
The formation process of c-AlN coating through reactive plasma spraying of Al 2 O 3 feedstock particles was clarified. Thus, during spray the Al 2 O 3 particles are quickly melt in the N 2 /H 2 plasma and spheroidized. The nitriding reaction started firstly on the surface of the molten spherical particle to form oxygen-stabilized cubic aluminum oxynitride (Al 5 O 6 N) structure. Then the particles collided, flattened and rapidly solidified on the substrate surface. Then the aluminum oxynitride phase easily forms the cubic AlN phase during the rapid solidification and continuous reactions through plasma irradiation (both Al 5 O 6 N and c-AlN have the same cubic symmetry). The high quenching rate of the deposited particles on the substrate prevents the crystal growth and the formation of the hexagonal AlN phase.
Therefore, reactive plasma spraying of Al 2 O 3 is useful for fabrication of c-AlN thermal sprayed coatings. The formation process of meta-stable c-AlN is strongly related to the rapid solidification.
